Using the theory developed in Part I of this work, the calculations of the total energy, equilibrium volume, energy gaps and electronic density distributions are performed for magnesium hydride. The predicted equilibrium atomic volume and energy gaps are close to those observed experimentally. The calculations reveal a strong non-homogeneity in the electron density distribution. The estimated effective charges of the ions of Mg and H are respectively + 1-90 and -0.65 which confirms that the bonding in this compound cannot be considered as a purely ionic one.
Introduction
Hydrogen as a source of energy is considered at present as an option of solving the energy crisis. The problem is actually reduced to hydrogen storage. The best storage "reservoir" is believed to be a crystal lattice, e.g. that of a metal or a compound.
Among various candidates, magnesium as a host atom of a crystal is considered to be rather a prospect, the storage medium itself being magnesium hydride MgH 2 .
Though the dissociation temperature of MgH 2 is rather high (287 °C) and the kinetics of the hydride reconstruction is complicated, magnesium hydride is used already in practical hydrogen storage for automative propulsion (see, e.g. [1] ). A MgH 2 reservoir has more than three times the available hydrogen of, e.g., Ti-Fe-H system and promises correspondingly longer range and lighter weight.
The importance of magnesium hydride for hydrogen storage urges its extensive study, both experimental and theoretical. However, very little is known about many basic features of MgH 2 as a crystal and physical object. At the same time, in order to understand e.g. diffusion processes in the hydride, one has at least to know what kind of a bonding is realized in the crystal, what the energy characteristics of the constituent atoms are, etc.
The crystal structure of magnesium hydride is shown on Figure 1 . This is a body-centered tetragonal lattice of the rutile (Ti0 2 ) type (space group P4 2 /mnm(Dl (see, e.g. [2] ). MgH 2 is an insulator (see, e.g. [3] ), but any experimental results on UV-absorption or photoemission probably have not been reported and the values of energy gaps are unknown. a 0340-4811 / 81 / 0900-0967 $ 01.00/0. -Please order a reprint rather than making your own copy.
As for the atomic bonding in MgH 2 it is believed to be of an intermediate character between a purely ionic one inherent to saline hydrides, like LiH, and a covalent one of BeH 2 [2] [3] [4] .
The stability of the rutile-type lattice in MgH 2 is predicted by Pauling ion radii rule ( [5] , pp. 540-541; [3] , p. 387). At the same time calculations of crystal energy within the Born-Mayer model (for the latest results see [6] ) show some discrepancies with experimental data being attributed to contributions of covalent effects.
An interesting attempt was performed by Berggren and Lindner [7, 8] . They calculated the lattice energy and equilibrium lattice parameters of MgH 2 using a nearly-free electron model, i.e. the pseudopotential theory. While the equilibrium lattice parameters for the rutile-type lattice were found to be rather close to those experimentally observed, the lattice itself happened to be relatively less stable than the one of hexagonal type.
With reliable experimental information lacking, it is interesting to perform an "a priori" theoretical analysis of the compound. The microscopic theory developed in Part I of the present work ( [9] , to be referred to as (I) enables such an analysis. We shall not have to assume the type of bonding, i.e. the electron density distribution: rather the latter will be obtained as a result of the theory. The only thing we shall have to postulate is the type of lattice, i.e. we shall be considering the MgH 2 crystal as that of the rutile type. Then the theory is to give an equilibrium (at T = 0) electron density distribution, atomic volume and crystal lattice parameters : c/a and x, as well as the binding energy.
The plan of the paper is as follows: In Sect. 2 the model pseudopotential is chosen and wave-vector sorting is discussed. Jones zone analysis is performed in Section 3. Section 4 considers the computational procedure. The results are presented in Section 5. In Sect. 6 concluding remarks are given.
Model, Pseudopotential and Wave Vector Sorting
The starting point of our analysis is the rutiletype crystal lattice of Mg++ and H + ions immersed into electron liquid, consisting of 8 electrons per each unit cell (2Mg ++ and 4H + ions; see Figure 1 ). The structure factors Sug(q) and Sn(q) of respectively Mg ++ and H + ions may be readily written: 
W
and N is the number of unit cells in the cyclic volume Q = QoN (Qo is the volume of the unit cell).
Since the theory (I) is restricted to local electronion interaction, the calculations will be performed with a local model pseudopotential. We chose the one suggested by Krasko and Gurskii [10] and successfully used in calculations of atomic properties of some simple metals and their alloys and compounds. The bare pseudopotential formfactor (2) depends on two parameters a and r c (Z is the ion charge). For Mg ++ ion (Z=-j-2) these parameters have been fitted to reproduce the experimentally observed equilibrium atomic volume of pure Mg-metal with hcp-crystal lattice and the pseudopotential formfactor first node go (satisfying (qo) = 0). When minimizing the total energy of hep Mg we used the interpolation formula (1.39 c) with a = 2.5 for exchange-correlation and the expression of Nozieres-Pines [11] for correlation of homogeneous electron gas. The parameters found in this way are * a = 2.9330 and r c = 0.3990 (they slightly differ from those fitted by Fuks et al. [12] with Geldart-Vosco [13] exchange-correlation * We use atomic units; energies are calculated in rydbergs. function). No further fitting of any parameters will be performed.
As for H + ions, their potential is purely coulombic :
r
The plane-wave matrix elements (Fourier-transforms) of the total bare crystal potential are:
From Eqs. (la-c) it follows that W Q (q) vanishes unless q = {g}, vectors of the reciprocal lattice corresponding to {R} -the Bravais simple tetragonal lattice. As one may see from Eqs. (la-b) and (4), JF°(g)'s vanish also for some q = g because of symmetry requirements.
According to the method (see Sect. 6 of (I)) one has to sort out the wave vectors {g}. Having calculated W°(g), Eq. (4) for, e.g., the first 100 reciprocal lattice shells, one may choose the "main" matrix elements, for which the requirements of perturbation theory are obviously violated. Table 1 shows the values W° (g) calculated for experimental Qo , c/a and x for the first 25 reciprocal lattice shells (the third column, n, is the number of vectors in each shell). Underlined are those values which may
be considered as "main". Corresponding g's would form the set {g} (see (I)) of 10 wave vectors. As a second step the computer program will automatically select all the {go}-Corresponding If°(g)'s are small, but "effective" matrix elements, W (g), are expected to be appreciably changed in comparison with the screened TF(g)'s (Eq. (I, 11)), because the g's are such that g = g -g', i.e. the difference of some two "main" wave vectors.
In practical calculations, however, the choice of the main set, {g}, does not happen to be as simple as it may seem. The reason is, that after solving selfconsistent equations for !T(g)'s and JF(g)'s, one finds that for some go's W (go) are of the same order as those for the main set, i.e. W(g). Such go's should obviously be included into {g}, though corresponding matrix elements, IF (go) are small. After a few trials all the g's which should belong to {g} may be found. In our calculations for MgH2 the final sets {g} and {go} consisted respectively of 31 and 231 wave vectors. Of the wave vectors cited in Table 1 only the last one belongs to {go}; all the others should be included in {g}.
For both {g} and {go} the selfconsistent nonlinear equations for W (g) and W (g) were solved. All the other g's were treated within the second-order perturbation theory. The only difference in compar- Until now we do not know anything about the area of occupied electronic states in the crystal. It may well be a Fermi-surface. In this case, the crystal would be a metal or semimetal. Another possibility is a Jones zone (JZ). The latter is possible if the energy gaps on the Bragg planes, restricting an area just necessary and sufficient to accommodate Z -8 electrons, are big enough to overweight competing possibilities of band overlaps.
The following section considers the analysis of the area occupied by the electrons.
Jones Zone Analysis
In Table 1 the quantities <7/2&F are also cited. Here kF is the free electron Fermi wave vector
The area of interest is not a Fermi-sphere, but its total volume must be equal to \nk\. It is also clear that the boundary of the area of the occupied states has to be situated somewhere at q/kp^. 1. If the area were a Jones zone, its planes would correspond to From this point of view three sets of Bragg planes are of interest (see Table 1 ): {200}, {111} and {210}.
The Brillouin zone (BZ) of the crystal is a simple tetragonal prism and can accommodate two electrons. Since the total number of electrons per unit cell is 8, 4 BZ's are needed for all the electrons, and that must also be the volume of a JZ.
Let us suppose that a JZ exists in the crystal and is bound by the Bragg planes of (111) and (200)-type. Though we only know W° (g)'s, but not the band gaps, one may expect that the latter corresponding to these planes are also the greatest, giving the greatest decrease of energy if the planes are the JZ faces. There exist, however, two possibilities: If the tetragonality parameter of the lattice, c/a < j/2/2, then the would-be JZ is bound by the planes of (111) If the (111) and (200)-band gaps are really the greatest, the final conclusion should be, that the magnesium hydride crystal has the JZ bound by these planes (see Figure 2d) .
Note that prior to any energy calculations the JZ analysis has enabled us to obtain the information about the tetragonality parameter of the crystal: c/a has to be less than ]/2/2 = 0.707. As was mentioned in the Introduction, the experimentally observed value is equal to 0.669, confirming this condition.
Computational Procedure
Now that the area of occupied electron states is defined, the procedure of the calculations is as follows. 4. The functions F(g) are recalculated for ge {g}, {go} and calculated for all the other g's (for which W{g) = W{g)).
5. With JF(g)'s for all the g's known, the function 0 (g, g) and the normalization constant, C 2 , is calculated ((1.23), (1.50a-c)).
The function 0{g -g',g')
and the Fouriercomponents of the electron density, £>(g), are calculated from (I.25d), (1.51a-c).
7. The screened matrix elements W (g) are finally evaluated for both g e {g}, {go} (see (1.26-28)), and all the other g's (1.29).
Now the iteration cycle is completed and the calculations are repeated anew from point 3. The selfconsistency is achieved when the values of the normalization constant, C 2 , in two successive iterations differ less than, e.g. by 10~4. With special measures taken to improve the convergence, the selfconsistency is achieved after five to eight iterations (the matrix element differences are less than .
After all the matrix elements are found, the total energy, (1.20a-c), (1.21) , is calculated and the pressure
is found for a given QQ. Further, the computer program changes QQ and minimizes the energy (achieving p = 0). The corresponding volume QQ is the equilibrium one. Likewise the absolute minimum of the total energy with respect to c\a and x may be found. In the present paper we report the results for c/a and x equal to their experimental values. Table 1 shows also the values of JFf e (g), the matrix elements screened by the free electron dielectric function, W (g), the genuine screened matrix elements, and lF(g)'s both for experimental and equilibrium atomic volume (the last column) *. As one can see, the nonlinear screening manifests itself most pronouncely at <7/2 fcp < 1. Most striking is, however, the behaviour of the effective matrix elements, W(g), which characterize energy gaps. They are strongly different from W (g), and even change sign.
Results

a) Nonlinear Screening
We see that the greatest energy gaps correspond to the JZ faces: g = (lll) and (200). As for the "competing" face, (002), its gap, though more than one order of magnitude higher than that, which would correspond to metallic screening, is still some 1.5-times less than the (200) As was mentioned in the Introduction, no experimental data on the electronic band structure of MgH 2 have yet been reported. However, the recent measurements of UV absorption at Haifa Technion, Israel by Genossar [14] revealed an absorption edge at 2500 A (5.16 ev) which may be attributed to a band gap. This magnitude is very close to the one obtained theoretically.
b) Calculation of Electrostatic Energies
The electrostatic energy that the traditional pseudopotential theory usually allows for is that of a positive point ion charge lattice with a uniform negative background. The latter is calculated by the Ewald-Fuchs method (see e.g. [15, 16] ). Elec-* The symmetry of the rutile-type lattice is lower than that of the simple tetragonal Bravais lattice. As a result in some of the reciprocal shells not all of the n wave vectors are epuivalent. Within such shells the matrix elements corresponding to half of the wave vectors have opposite sign with respect to that corresponding to another half, though their magnitudes are the same. For convenience all the matrix elements cited in Table 1 are "reduced" to positive sign of W°{g) (the matrix elements are cited in hartries).
trostatic core-core (cc) and core-point (cp) ion interactions are usually neglected.
In the present calculation we took these interactions into account. An a priori reason is that the shortest Mg ++ -H + distance in the hydride lattice is rather short 2 Ä) and the Mg ++ core-H+ interaction may, in principle, be important.
The calculations have not approved this claim. Below we cite, however, the results.
The potential that a trial charge feels at a distance r from an ion may be expressed, by a model function
,-rlrc (5) Krasko and Shevtsova [17] determined parameters A*, B and ro for ions of 29 elements. Here Z is the ion charge, A* has the meaning of "effective nucleus charge", and r c is a characteristic core radius.
For Mg ++ ion the parameters are:
A* = 11.96; B = 2.062; r c = 0.355
(the quantities are in atomic units).
When moving in the field (5), an electron has both ground and excited state levels very close to those experimentally observed for the Mg ++ ion [18] .
The additional term in the electrostatic energy, E% s , consists of two contributions:
corresponding to Mg ++ core-H + point ion and Mg + + core-core interactions. We included the interactions of up to 6 shells of neighbours. The E cc energy happened to be much smaller than E c P, as one should have expected. The energy El a is presented in Table 2 below. Table 2 shows the results of the calculation of the total energy. EQ, ENC, E°C, AEXC,
c) Total and Binding Energies; Equilibrium Atomic Volume
EE-EEL,
E es , E c e8 , are different contributions (1.20, 21, 42) and (6) to the total energy E (1.44). (For comparison, the energy that follows from the traditional pseudopotential theory, E ps , is also cited.) Note that the "free electron" energy, Eo, is .TZ where the summation is performed over all states within the Jones zone, Fig. 2d , including the spin degeneracy factor 2. The energies in the Table are cited in rydbergs; in the parenthesis are the values of the total energy in kcal.
The first line shows the results for the experimentally observed volume of the unit cell, Qo= 416.4 a.u. This volume does not correspond to the energy minimum. The energy minimum is achieved at .Qo = 447.5 a.u. The deviation from the experimental value is: AQolQo = 1.5%.
According to the conditions of experimental determination of the binding energy, the latter is the energy of the chemical reaction:
-»Mg (crystal, saturated with H) + H 2 (gas).
The usually determined quantity is the enthalpy difference at 298 K, AH298.
For the MgH 2 crystal to be stable, this quantity must be positive.
On the other hand, the energy E calculated in our theory is the one of the reaction: 2Mg++ + 4H+ + 8e-»2MgH 2 (crystal). (8) In order to find AH 2 $% if the lattice energy, E, is known, one should follow a so-called "Born-Haber cycle" (see e.g. [4] [5] [6] ). The corresponding reactions are cited in Table 3 . For simplicity we did not include corrections due to temperature, the latter being of the order of RT (R is the gas constant, T is the absolute temperature), i.e. of the order of a few kcal/mol. Therefore, the quantities cited are AHQ'S rather then AH2$%.
We also neglect the Table 3 , the binding energy following from the theoretical calculation is negative, while the experimental quantity is positive and equal to 17.8 -4-19.9 kcal/mol [6, 20, 21] . Such a discrepancy is quite a usual thing for microscopic theories which calculate energies some two orders of magnitude higher then the binding energies of interest. On the other hand, the theory may need further improvement (see the concluding remarks).
d) Charge Transfer, Electron Density Distribution and Effective Ion Charges
The last column of Table 2 , AZ, is the charge transfer (1.24). For the crystal in equilibrium, AZ = 3.935 electrons per unit cell are transferred from nearly uniform background and are, in a sense, localized: the number of electrons partic-* The data on IR absorption spectrum of MgH 2 were also reported by Mikheeva and Mal'tseva [19] .
ipating in "metallic" screening is C 2 Z = Z -AZ (C 2 is the normalization constant, see (1.23)). In order to obtain more detailed information on the electron density distribution, the latter was calculated for three crystallographic planes: (001), (110) and (110). The corresponding two-dimensional plots are shown in Figs. 3 a, b and c. For comparison the electronic density distribution in the lattice with the hydrogen atoms removed is also presented (Figure 3d) . From Figs. 3a-c It is interesting to estimate the total charges of the areas around the Mg ++ and H+ ions. This would give an impression on whether it is worth speaking of the ions of definite charges in the sense of ionic bonding.
Basing on the classical Pauling concepts one may assign definite radii to the ions. If one takes the H+-H+ distance along non-horizontal edges of the octahedrons (Fig. 1) as 2rn -the double radius of a hydrogen ion and the shortest Mg ++ -H + distance as ra + Hvig, then (for experimentally observed lattice parameters), r H = 1.38A, r Mg = 0.57A; rMg is consistent with the traditional ionic radius r Mg++ = 0.65Ä, while rn is almost 1.5 times less than the crystal H -ionic radius r H -= 2.08 A (see e.g. [5] ). Having integrated the electronic density q (r) around the corresponding ions within the spheres of the radii rn and r>fg, one obtains for the total electronic charges of the spheres:
This means that the Mg-ions have the charges + 1.90, while the charges of H-ions are -0.65. This is clearly not a picture one would expect for purely ionic bonding. On the other hand, the traditional terms "ionic" and "covalent" do not seem to describe properly the bonding in magnesium hydride. Perhaps a more neutral term, "nonmetallic bonding" would suit better. 
Concluding Remarks
To summarize the results it is worth mentioning once more that the theory developed, in a sense fills the gap between perturbation theory approaches and tight binding methods. Starting from a "metallic" picture, positive Mg +2 -f-H+ ions -j-free electrons, the theory arrives at an almost purely ionic situation: Mg +1 -90 4-H~0-65 -}-strongly non-homogeneous electronic distribution.
As for the quantitive results, the theory fails to predict the correct binding energy of MgH 2 , but gives the equilibrium volume and the energy gaps very close to the ones experimentally observed.
Perhaps some improvements of the calculations can be introduced. Unfortunately the TR-440 computer has not enabled us to find the absolute minimum of the energy with respect to c/a and x. Some additional analysis of the exchange-correlation contribution is also necessary. It is not clear as well, whether the results are sensitive to the form of the pseudopotential chosen.
On the other hand, more extensive experimental study of MgH 2 w r ould give a better basis for comparing the theoretical results with experimental data.
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